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Abstract. Axion dark matter differentiates the phase velocities of the circular-polarized
photons. In [Phys. Rev. Lett. 123, 111301 (2019)], we have proposed a scheme to measure the
phase difference by using a linear optical cavity. If the scheme is applied to the Fabry-Pe´rot
arm of Advanced LIGO-like (Cosmic-Explorer-like) gravitational wave detector, the potential
sensitivity to the axion-photon coupling constant, gaγ , reaches gaγ ' 8 × 10−13 GeV−1 (4 ×
10−14 GeV−1) at the axion mass m ' 3 × 10−13 eV (2 × 10−15 eV) and remains at around
this sensitivity for 3 orders of magnitude in mass. Furthermore, its sensitivity has a sharp peak
reaching gaγ ' 10−14 GeV−1 (8× 10−17 GeV−1) at m = 1.563× 10−10 eV (1.563× 10−11 eV).
This sensitivity can be achieved without loosing any sensitivity to gravitational waves.
1. Introduction
Axion, a pseudo-scalar field motivated by QCD or string theory, typically has a small mass
m  eV and behaves like non-relativistic fluid in the present universe due to its oscillatory
behavior: a(t) = a0 cos(mt + δτ (t)) with its constant amplitude a0 and a phase factor δτ (t).
For this reason, axion is a cosmologically well-motivated candidate of dark matter. Another
important feature is that axion is topologically coupled to photon gaγa(t)FµνF˜
µν via the coupling
constant gaγ . The conventional way to probe axion is to look for a phenomenon that axion and
photon are converted each other under the background magnetic field, known as the axion-
photon conversion. Many experiments and astronomical observations have been performed to
probe axion via the axion-photon conversion, while no signal has been found [1].
Recently, however, a new experimental approach to search for axion dark matter was proposed
which does not need a strong magnetic field but uses optical cavity [2, 3, 4, 5]. This new
method aims to measure the difference of phase velocity between two circular-polarized photons
δc(t) = |cL − cR| = 2δc0 sin(mt+ δτ (t)) which is caused by the coupling to axion dark matter
δc0 ' 1.3× 10−24
(
λ
1550 nm
)(
gaγ
10−12 GeV−1
)
(1)
with the frequency of axion mass f = m/(2pi) ' 2.4 Hz (m/10−14 eV). Here we assumed
the laser light with a wavelength λ = 2pi/k and used the present energy density value of
axion dark matter around earth, ρa = a
2
0m
2/2 ' 0.3 GeV/cm3. The experimental sensitivity
is only limited by quantum noise in principle and it can probe tiny axion-photon coupling
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gaγ . 10−11 GeV−1 with axion mass range m . 10−10 eV which is competitive with other
experimental proposals. Moreover, this new method can be highly advantageous compared with
the conventional axion detectors, since it does not require superconducting magnets which often
drive large cost. Therefore, we expect that this method opens a new window to the axion dark
matter research.
Inspired by these proposals using optical cavity, we propose a new scheme to search for axion
dark matter by using a large linear Fabry-Pe´rot cavity such as gravitational wave detectors
[6]. Remarkably, our new method enables the interferometers to probe axion-like dark matter
during the gravitational wave observation run without loosing any sensitivity to gravitational
waves. We estimate the potential sensitivity to gaγ with the parameter sets of gravitational wave
observatories. Their sensitivities can overcome the current upper limit with broad axion mass
range and put better bounds than the proposed axion experiments.
2. Axion search with a linear optical cavity
We present how to detect the modulation of speed of light with linear optical cavities. The key
point is that one linearly polarized light (e.g. horizontal polarization, that is p-polarization)
is polarization-modulated due to axion dark matter and the orthogonally polarized light (e.g.
vertical polarization, that is s-polarization) is produced because the linearly polarized light can
be expressed by a superposition of two circularly polarized lights. The schematic setup of our
proposed scheme is shown in figure 1. First, as a carrier wave, we input linearly-polarized
monochromatic laser light with the angular frequency which corresponds to the wave number
k. Here, we consider p-polarized light as input light without loosing generality. The cavity
consists of the input and output mirrors whose amplitude reflectivities and transmissivities
are represented by (r1, t1) and (r2, t2). When the cavity is kept to resonate with a phase
measurement, the beam is accumulated inside cavity. After the calculation, the electronic field
in the cavity is written as,
Ecav(t) =
t1
1− r1r2 [E
p(t)− δφ(t)Es(t)] , (2)
where Ep/s are electric vectors of p/s-polarized light, δφ(t) ≡ ∫∞−∞ δ˜c(m)Ha(m)eimtdm/2pi is a
signal caused by axion dark matter with a response function of cavity
Ha(m) ≡ i k
m
4r1r2 sin
2
(
mL
2
)
1− r1r2e−i2mL
(−e−imL) . (3)
Here, we treat δτ (t) as constant since we only consider the axion mass range where the axion
oscillation coherent time (τ ∼ 1(10−16eV/m)[year]) is sufficiently longer than the storage
time of the optical cavity. Equation (3) indicates that the signal is enhanced in proportion
to r1r2/(1 − r1r2) at m = pi/L, which corresponds to the free spectral range. In addition,
Ha(m) ∝ 1/m at mL = pi(2N − 1) (N ∈ N) since the axion effect on the photons in the cavity
is cancelled out except for the last half of the axion oscillation when the axion oscillation period
is shorter than the photon storage time of the cavity. In low mass range (mL 1), Ha(m) ∝ m
since the axion effect is cancelled on going and returning way. Then the signal is detected in
detection port (a) or (b) as polarization modulation with polarizing optics. In detection port
(a), the polarization of transmitted light from the cavity is slightly rotated by the half wave
plate. Then, the photodetector (PDtrans) receives s-polarized light generated by axion-photon
coupling as a beatnote with faint (but much stronger than the signal) carrier wave, while most of
the carrier light is transmitted by the polarizing beam splitter (PBS). In detection port (b), the
PD (PDrefl) receives signal reflected by the faraday isolator (FI) as a beatnote with faint carrier
wave again. In this case, the carrier wave is generated by non-ideal birefringence between the
cavity and FI, such as input mirror substrate. These two detection ports can be added without
modifying the instrument for the phase measurement.
Laser
PBS BDHWP
FI
PDrefl PDtrans
Cavity
r1, t1 r2, t2
p-pol.
Detection port (b) Detection port (a)
Ecav
PBS
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Figure 1. Schematic of experimental setup for
axion search with a linear optical cavity. FI,
Faraday isolator; HWP, half wave plate; PBS,
polarizing beam splitter; PD, photodetector;
BD, beam dump. Components for phase
measurement are not shown.
3. Sensitivity to the axion-photon coupling
We estimate the potential sensitivity of the linear cavity to axion-photon coupling. Here, only
shot noise which is caused by vacuum fluctuation of electric field is considered in a similar way
to shot-noise estimation of gravitational wave detectors [7]. The one-sided linear spectrum of
shot noise equivalent to δ˜c(m),
√
Sshot(m), is obtained by considering the ratio of the noise term
to the signal term,
√
Sshot(m) =
√
k/(2P0)√Tj |Ha(m)| , √Tj ≡ t1tj1− r1r2 (j = 1, 2) (4)
where P0 is incident power and j = 2 (1) represents the detection port (a) ((b)). According to
the equation (4), if the cavity is over-coupled, i.e. t1 > t2, detection port (b) is better. On the
other hand, detection port (a) is effective for the critical-coupled cavity, i.e. t1 = t2, since there
is no carrier wave in the reflection port under the critical coupling condition. If the sensitivity
is limited by shot noise, the signal-to-noise ratio (SNR) for δc0 is improved with measurement
time, Tobs. The improvement depends on whether Tobs is larger than the coherent time of axion
oscillation, τ , or not [8]:
SNR =

√
Tobs
2
√
Sshot(m)
δc0 (Tobs . τ)
(Tobsτ)
1/4
2
√
Sshot(m)
δc0 (Tobs & τ)
. (5)
We can find the detectable value of δ˜c(m) which sets the SNR to unity. Finally, this is translated
into the sensitivity to gaγ .
Figure 2 shows the shot-noise limited sensitivities to gaγ with our scheme. Here, we adopted
the experimental parameter sets used or planned by gravitational wave detectors (specifically,
DECIGO [9], CE [10], KAGRA [11], and aLIGO [12]). We also assume Tobs = 1 year and
r2i + t
2
i = 1. Note that detection port (a) is used for DECIGO-like detector and port (b) is used
for CE-, KAGRA-, and aLIGO-like detectors. In all parameter sets, the upper limit provided by
CAST [13] can be improved. Especially, the CE-like detector can overcome the CAST limit by
three orders of magnitude in broad mass range around between 4×10−16 and 1×10−13 eV. It is
worth noting that in our scheme the displacement noise such as the vibration of mirrors or the
gravitational wave signal itself does not become manifest unlike a gravitational wave detector.
This is because the displacement noises and gravitational waves make the same phase shift in the
two circularly-polarized lights propagating in the same path and this phase shift is cancelled in
the measurement of the phase difference between two polarized lights. A major technical noise
source in our scheme is a roll motion of the mirrors which would generate relative phase shift
in the two polarized lights through birefringence of the mirror coating. We have checked that
the noise spectrum in aLIGO case is determined by
√
Sroll < 3 × 10−26 1/Hz1/2 for m > 10−14
eV, which is smaller than shot noise level [6]. In DECIGO, CE and KAGRA, the roll motion of
the mirror would be small since they would be in space or underground site while aLIGO is on
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Figure 2. The sensitivity curves for gaγ with respect to the axion mass in comparison with
several interferometric detectors. The red and gray band express the current limit provided by
CAST [13] and the cosmic ray observations of SN1987A [14].
the ground. For more realistic discussion, however, we will come to need the measured values
of birefringence actually used in each interferometer experiment.
In order to apply our method to the real gravitational detector, some optics are added for
detection port and there exist constructional problems. The approach to detect the signal in
detection port (b) is not quite simple because there have been equipped several apparatuses,
such as a beam splitter, a signal recycling mirror, and so on, between the front mirror and FI.
In principle, the axion signal can be extracted behind the signal recycling mirror as with the
gravitational wave signal readout. More practical issues will be investigated in future work.
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